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Abstract
String inspired models can serve as potential candidates to replace general relativity (GR) in the
high energy/high curvature regime where quantum gravity is expected to play a vital role. Such models
not only subsume the ultraviolet nature of gravity but also exhibit promising prospects in resolving
issues like dark matter and dark energy, which cannot be adequately addressed within the framework
of GR. The Einstein-Maxwell dilaton-axion (EMDA) theory, which is central to this work is one such
string inspired model arising in the low energy effective action of the heterotic string theory with
interesting implications in inflationary cosmology and in the late time acceleration of the universe. It
is therefore important to survey the role of such a theory in explaining astrophysical observations, e.g.
the continuum spectrum of black holes which are expected to hold a wealth of information regarding the
background metric. The Kerr-Sen spacetime corresponds to the exact, stationary and axi-symmetric
black hole solution in EMDA gravity, possessing dilatonic charge and angular momentum originating
from the axionic field. In this work, we compute the theoretical spectrum from the accretion disk
around quasars in the Kerr-Sen background assuming the thin accretion disk model due to Novikov &
Thorne. This is then used to evaluate the theoretical estimates of optical luminosity for a sample of
eighty Palomar-Green quasars which are subsequently compared with the available observations. Our
analysis based on error estimators like the χ2, the Nash-Sutcliffe efficiency, the index of agreement
etc., indicates that black holes carrying non-existent or weak dilaton charges (viz, 0 . r2 . 0.1) are
observationally more favored. The spins associated with the quasars are also estimated. Interestingly,
a similar conclusion has been independently achieved by studying the observed jet power and the
radiative efficiencies of microquasars. The implications are discussed.
1 Introduction
The remarkable agreement of general relativity (GR) with a host of experimental tests [1–4] makes it the
most successful theory of gravity, till date. With the advent of advanced ground-based and space-based
missions, the predictions of GR, e.g. presence of black holes and gravitational waves [5–9], have received
ever-increasing observational confirmations. Yet, the quest for a more complete theory of gravity continues,
as GR is marred with the black hole and big-bang singularities [10–12] and the quantum nature of gravity
continues to be elusive [13–15]. On the observational front, general relativity falls short in resolving the
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nature of dark matter and dark energy [16–18], often invoked to explain the galactic rotation curves and
the accelerated expansion of the universe, respectively.
This has given birth to a wide variety of alternative gravity models e.g. higher curvature gravity [19–25],
extra-dimensional models [26–29] and the scalar-tensor/scalar-vector-tensor theories of gravity [30–33]
which can potentially fulfill the deficiencies in GR, yielding GR in the low energy limit. Among the
various alternatives to GR, string theory provides an interesting theoretical framework for quantum gravity
and force unification. It is often said that it is difficult to detect any signature of string theory in low
energy regime. In this context it is important to note that string theory in itself is not a model but
provides a framework for building string inspired 4D models which can be confronted with the available
observations [34].
This raises the question whether we can discover some footprints of a stringy model in low energy
observations. With this aim in mind, in this work we explore the observational signatures of the Einstein-
Maxwell dilaton-axion (EMDA) gravity which arises in the low energy effective action of superstring
theories [35] when the ten dimensional heterotic string theory is compactified on a six dimensional torus
T 6. Such a scenario consists of N = 4, d = 4 supergravity coupled to N = 4 super Yang-Mills theory and
can be appropriately truncated to a pure supergravity theory exhibiting S and T dualities. The bosonic
sector of this N = 4, d = 4 supergravity coupled to the U(1) gauge field is known as the Einstein-Maxwell
dilaton-axion (EMDA) gravity [36] which provides a simple framework to study classical solutions. Such
a theory comprises of the scalar field dilaton and the pseudo scalar axion coupled to the metric and
the Maxwell field. The dilaton and the axion fields are inherited from string compactifications and have
interesting implications in the late time acceleration of the universe and inflationary cosmology [37,38]. It
is therefore worthwhile to explore the role of such a theory in astrophysical observations. This has been
explored extensively in the past [39–43] in the context of null geodesics, strong gravitational lensing and
black hole shadow.
Since deviation from Einstein gravity is expected in the high curvature domain, the near horizon regime
of black holes seem to be the ideal astrophysical laboratory to test these models against observations. In
particular the continuum spectrum emitted from the accretion disk around black holes bears the imprints of
the background spacetime and hence can be used as a promising probe to test the nature of strong gravity.
This requires one to look for black hole solutions of these string inspired low-energy effective theories.
Fortunately, there exists various classes of black hole solutions bearing non-trivial charges associated with
the dilaton and the anti-symmetric tensor gauge fields [44–47]. The stationary and axi-symmetric black
hole solution in EMDA gravity corresponds to the charged, rotating Kerr-Sen metric [35] where the electric
charge stems from the axion-photon coupling and not the in-falling charged particles. Also, the axionic
field renders angular momentum to such black holes. Testing the impact of such a background on the
observed spectrum is important since this provides a testbed for string theory.
In this work we compute the continuum spectrum from the accretion disk assuming the spacetime
around the black holes to be governed by the Kerr-Sen metric. The presence of dilatonic and axionic
charges modify the continuum spectrum from the Kerr scenario. The theoretical spectrum thus computed
is compared with the optical data of eighty Palomar Green quasars which allows us to discern the ob-
servationally favored magnitude of the dilaton parameter and also estimate the spins of the quasars. We
compute several error estimators, e.g. chi-squared, Nash-Sutcliffe efficiency and index of agreement etc.
to arrive at our conclusions.
The paper is organised as as follows: In Section 2 we describe the Einstein-Maxwell dilaton-axion
(EMDA) theory and the Kerr-Sen solution. Section 3 is dedicated to computing the theoretical spectrum
from the accretion disk in the Kerr-Sen background. The theoretical spectrum is subsequently compared
with the optical observations of eighty Palomar Green quasars and the error estimators are computed in
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Section 4. Finally we conclude with a summary of our findings with some scope for future work in Section
5.
Notations and Conventions: Throughout this paper, we use (-,+,+,+) as the metric convention and
will work with geometrized units taking G = c = 1.
2 Einstein-Maxwell dilaton-axion gravity: A brief overview
The Einstein-Maxwell dilaton-axion (EMDA) gravity [35,36] is obtained when the ten dimensional heterotic
string theory is compactified on a six dimensional torus T 6. The action S associated with EMDA gravity
comprises of couplings between the metric gµν , the U(1) gauge field Aµ, the dilaton field χ and the third
rank anti-symmetric tensor field Hµνα such that,
S = 1
16pi
∫ √−gd4x[ R− 2∂νχ∂νχ− 1
3
HρσδHρσδ + e−2χFρσFρσ
]
(1)
where, g is the determinant and R the Ricci scalar with respect to the 4-dimensional metric gµν . In Eq. (1),
Fµν represents the second rank antisymmetric Maxwell field strength tensor such that Fµν = ∇µAν−∇νAµ
while the dilaton field is denoted by χ. The third rank antisymmetric tensor field Hρσδ in the above action
can be expressed in the form,
Hρσδ = ∇ρBσδ +∇σBδρ +∇δBρσ − (AρBσδ +AσBδρ +AδBρσ) (2)
where the second rank anti-symmetric tensor gauge field Bµν in Eq. (2) is known as the Kalb-Ramond
field and its cyclic permutation with Aµ represents the Chern-Simons term.
In four dimensions Hµνα is associated with the pseudo-scalar axion field ξ, such that,
Hρσδ = 1
2
e4χρσδγ∂
γξ (3)
When expressed in terms of the axion field, Eq. (1) assumes the form,
S = 1
16pi
∫ √−g d4x[R− 2∂νχ∂νχ− 1
2
e4χ∂νξ∂
νξ + e−2χFρσFρσ + ξFρσF˜ρσ
]
(4)
By varying the action with respect to the dilaton, axion and the Maxwell fields we obtain their corre-
sponding equations of motion. The equation of motion associated with the dilaton field is given by,
∇µ∇µχ− 1
2
e4χ∇µξ∇µξ + 1
2
e−2χF2 = 0, (5)
while that of the axion is,
∇µ∇µξ + 4∇νξ∇νξ − e−4χFρσF˜ρσ = 0 (6)
The Maxwell’s equations coupled to the dilaton and the axion fields are given by,
∇µ(e−2χFµν + ξF˜µν) = 0, (7)
∇µ(F˜µν) = 0 (8)
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The solution of the axion, dilaton and the U(1) gauge fields are respectively given by [35,36,48],
ξ =
q2
M
a cos θ
r2 + a2 cos2 θ
(9)
e2χ =
r2 + a2 cos2 θ
r(r + r2) + a2 cos2 θ
(10)
A =
qr
Σ˜
(
− dt+ asin2θdφ
)
(11)
From above the non-zero components of Hµνα can also be evaluated [48].
The gravitational field equations are obtained when the action is varied with respect to gµν which
yields the Einstein’s equations,
Gµν = Tµν(F , χ, ξ) (12)
where, Gµν is the Einstein tensor and the energy-momentum tensor Tµν on the right hand side of Eq. (12)
is given by,
Tµν(F , χ, ξ) = e2χ(4FµρFρν − gµνF2)− gµν(2∂γχ∂γχ+
1
2
e4χ∂γξ∂
γξ) + ∂µχ∂νχ+ e
4χ∂µξ∂νξ (13)
The stationary and axisymmetric solution of the Einstein’s equations corresponds to the Kerr-Sen metric
[35] which when expressed in Boyer-Lindquist coordinates assumes the form [49–51],
ds2 = −
(
1− 2Mr
Σ˜
)
dt2 +
Σ˜
∆
(dr2 + ∆dθ2)− 4aMr
Σ˜
sin2 θdtdφ + sin2 θdφ2
[
r(r + r2) + a
2 +
2Mra2 sin2 θ
Σ˜
]
(14)
where,
Σ˜ = r(r + r2) + a
2 cos2 θ (14a)
∆ = r(r + r2)− 2Mr + a2 (14b)
In Eq. (14), M is the mass, r2 = q
2
Me
2χ0 is the dilaton parameter and a is the angular momentum
associated with the black hole. The dilaton parameter bears the imprints of the asymptotic value of
the dilatonic field χ0 and the electric charge q of the black hole. This charge essentially originates from
the axion-photon coupling and not the in-falling charged particles since without the electric charge the
field strengths corresponding to both the axion and the dilaton vanish (Eq. (9) and Eq. (10)). In such a
scenario, Eq. (14) reduces to the Kerr metric. We further note that in Eq. (14) the spin of the black hole
originates from the axion field since a non-rotating black hole (a = 0) leads to a vanishing axionic field
strength (Eq. (9)). When the rotation parameter in Eq. (14) vanishes, the resultant spherically symmetric
spacetime represents a pure dilaton black hole labelled by its mass, electric charge and the asymptotic
value of the dilaton field [45,52].
The event horizon rH of the Kerr-Sen spacetime is obtained by solving for ∆ = 0 such that,
rH =M− r2
2
+
√(
M− r2
2
)2
− a2 (15)
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From Eq. (15) and the fact that r2 depends on the square of the electric charge, it can be shown that
0 ≤ r2M ≤ 2 leads to real, positive event horizons and hence black hole solutions. In this work we will be
interested in this regime of r2.
In the next section we will discuss accretion in the Kerr-Sen background and explicitly demonstrate
the dependence of the luminosity from the accretion disk on the background spacetime.
3 Spectrum from the accretion disk around black holes in the
Kerr-Sen spacetime
The continuum spectrum emitted from the accretion disk surrounding the black holes is sensitive to the
background metric and hence provides an interesting observational avenue to explore the signatures of the
Kerr-Sen spacetime. In this section, we will compute the continuum spectrum from the accretion disk in
a general stationary, axi-symmetric background and subsequently specialize to the Kerr-Sen metric. This
in turn will enable us to probe the observable effects of EMDA gravity which can be used to distinguish
it from the general relativistic scenario.
The continuum spectrum depends not only on the background metric but also on the properties of the
accretion flow. In this work we will derive the continuum spectrum based on the Novikov-Thorne model
which adopts the ‘thin-disk approximation’ [53, 54]. In such a scenario, the accretion takes place along
the equatorial plane (θ = pi/2 plane) such that the resultant accretion disk is geometrically thin with
h(r)
r  1, h(r) being the height of the disk at a radial distance r. The accreting particles are assumed
to maintain nearly circular geodesics such that the azimuthal velocity uφ much exceeds the radial and
the vertical velocity ur and uz respectively, i.e. uz  ur  uφ. The presence of viscous stresses imparts
minimal radial velocity to the accreting fluid which facilitates gradual inspiral and fall of matter into the
black hole. Since the vertical velocity is negligible, a thin accretion disk harbors no outflows.
The energy-momentum tensor associated with the accreting fluid can be expressed as,
Tαβ = ρ0 (1 + Π)u
αuβ + t
α
β + u
αqβ + q
αuβ , (16)
where ρ0 is the proper density and u
α is the four velocity of the accreting particles such that the term
ρ0u
µuν represent the contribution to the energy-momentum tensor due to the geodesic flow. The specific
internal energy of the system is denoted by Π and the associated term denotes the contribution to the energy
density due to dissipation. In Eq. (16), tαβ and qα respectively denote the stress-tensor and the energy
flux relative to the local inertial frame and consequently tαβu
α = 0 = qαu
α. Motion of the particles along
the geodesics ensures that the gravitational pull of the central black hole dominates the forces due to radial
pressure gradients and hence the specific internal energy of the accreting fluid can be ignored compared to
its rest energy. Therefore, the special relativistic corrections to the local thermodynamic, hydrodynamic
and radiative properties of the fluid can be safely neglected compared to the general relativistic effects
of the black hole [53, 54]. The loss of gravitational potential energy due to infall of matter towards the
black hole generates electromagnetic radiation which interacts efficiently with the accreting fluid before
being radiated out of the system. Since the specific internal energy Π  1, the accreting fluid retains
no heat and the only the z-component of the energy flux vector qα has a non-zero contribution to the
energy-momentum tensor.
In order to compute the flux and hence the luminosity from the accretion disk we assume that the
black hole undergoes steady state accretion at a rate M˙ and the accreting fluid obeys conservation of
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mass, energy and angular momentum. The conservation of mass assumes the form,
M˙ = −2pi√−gurΣ (17)
where Σ denotes the average surface density of matter flowing into the black hole and g corresponds to
the determinant of the metric. The conservation of angular momentum and energy are respectively given
by,
∂
∂r
[
M˙L − 2pi√−gW rφ
]
= 4pi
√−gFL , and (18)
∂
∂r
[
M˙E − 2pi√−gΩW rφ
]
= 4pi
√−gFE (19)
where Ω, E and L are the angular velocity, the specific energy and the specific angular momentum of the
accreting fluid. In a stationary and axi-symmetric spacetime E and L are conserved and can be expressed
in terms of the metric coefficients such that,
E = −gtt − Ωgtφ√−gtt − 2Ωgtφ − Ω2gφφ , (20)
L = Ωgφφ + gtφ√−gtt − 2Ωgtφ − Ω2gφφ . (21)
and the angular velocity Ω is given by,
Ω =
dφ
dt
=
−gtφ,r ±
√
{−gtφ,r}2 − {gφφ,r} {gtt,r}
gφφ,r
(22)
Since the motion is along the equatorial plane E and L are only functions of the radial coordinate and the
gθθ component does not contribute to the conserved quantities.
In Eq. (18) and Eq. (19), F denotes the flux of radiation generated by the accretion process and is
given by,
F ≡ 〈qz(r, h)〉 = 〈−qz(r,−h)〉 (23)
while W rφ is associated with the time and height averaged stress tensor in the local rest frame of the
accreting particles, i.e.,
Wαβ =
∫ h
−h
dz
〈
tαβ
〉
(24)
By manipulating the conservation laws an analytical expression for the flux F from the accretion disk
can be obtained, such that,
F =
M˙
4pi
√−g f where (25)
6
f = − Ω,r
(E − ΩL)2
[
EL − EmsLms − 2
∫ r
rms
LE ,r′dr′
]
(26)
While deriving Eq. (25) the viscous stress W rφ is assumed to vanish at the marginally stable circular orbit
rms, such that after crossing this radius the azimuthal velocity of the accreting fluid vanishes and radial
accretion takes over. The last stable circular orbit rms, corresponds to the inflection point of the effective
potential in which the accreting particles move. The effective potential Veff is given by [55],
Veff(r) =
E2gφφ + 2ELgtφ + L2gtt
g2tφ − gttgφφ
− 1 (27)
and rms is obtained by solving for Veff = ∂rVeff = ∂
2
rVeff = 0. In Eq. (26) Ems and Lms denote the energy
and angular momentum at the marginally stable circular orbit.
Since the electromagnetic radiation emitted due to loss of gravitational potential energy undergoes
repeated collisions with the accreting fluid, a thermal equilibrium between matter and radiation is estab-
lished. This renders the accretion disk to be geometrically thin and optically thick such that it emits
locally as a black body. Therefore, the temperature profile is given by the Stefan-Boltzmann law, i.e.,
T (r) = (F(r)/σ)1/4 (σ being the Stefan-Boltzmann constant) and F(r) = F (r)c6/G2M2 (where F (r) is
given by Eq. (25) and Eq. (26)). Hence the accretion disk emits a Planck spectrum at every radius with
a peak temperature T (r). Finally, the luminosity Lν emitted by the disk at an observed frequency ν is
obtained by integrating the Planck function Bν(T (r)) over the disk surface,
Lν = 8pi
2r2g cos i
∫ xout
xms
√
grrBν(T )xdx; Bν(T ) =
2hν3/c2
exp
(
hν
zgkT
)
− 1
(28)
where, x = r/rg is the radial coordinate expressed in units of the gravitational radius rg = GM/c2 and
“i” is the inclination angle between the line of sight and the normal to the disk. In Eq. (28) zg is the
gravitational redshift factor given by,
zg = E
√−gtt − 2Ωgtφ − Ω2gφφ
E − ΩL (29)
which is associated with the change in the frequency suffered by the photon while travelling from the
emitting material to the observer [56].
We have thus arrived at an analytical expression for the luminosity from the accretion disk given by
Eq. (28). We note that it depends on the background metric through the energy, angular momentum,
angular velocity and the radius of the marginally stable circular orbit, where in the present work we will
consider the metric components corresponding to the Kerr-Sen spacetime given by Eq. (14). Apart from
the metric parameters, the spectrum is also sensitive to the mass of the black hole, the accretion rate and
the inclination angle of the disk to the line of sight.
Fig. 1 depicts the variation of the theoretically derived luminosity from the accretion disk with the
frequency, for two different masses of the supermassive black holes, viz, M = 109M and M = 107M.
The accretion rate is assumed to be 1Myr−1 while the inclination angle is considered to be cos i = 0.8.
We note that the spectrum from a lower mass black hole peaks at a higher frequency which can be ascribed
to the T ∝M−1/4 dependence of the peak temperature T for a multi-color black body spectrum with the
black hole mass [57]. It is evident from Fig. 1 that the metric parameters r2 and a substantially affect the
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Figure 1: The above figure depicts the variation of the theoretically derived luminosity from the accretion
disk with frequency for two different masses of the supermassive black holes, namely, M = 107M and
M = 109M. For both the masses, the black lines represent r2 = 0, while the blue and red lines correspond
to r2 = 0.6 and r2 = 1.6 respectively. For a given r2, prograde spins are denoted by dashed lines, non-
rotating black holes are denoted by solid lines while their retrograde counterparts are illustrated by the
dotted lines. The Schwarzschild scenario is depicted by the solid black line. The accretion rate is assumed
to be 1Myr−1 and the inclination angle is taken to be cos i = 0.8. For more discussions see text.
luminosity from the accretion disk, specially at high frequencies. We recall from previous discussion that for
the existence of the event horizon, the spin of the black hole should lie in the range: −(1− r22 ) ≤ a ≤ (1− r22 )
for a given r2 (Eq. (15)), where a and r2 are expressed in units ofM, which will be considered throughout
the remaining discussion. We study three different dilaton parameters in Fig. 1, r2 = 0 (black lines),
r2 = 0.6 (blue lines) and r2 = 1.6 (red lines). For each dilaton parameter we consider non-rotating black
holes (solid lines) as well as the prograde (dashed lines) and retrograde (dotted lines) spins in the allowed
range. We note that for a given r2 the disk luminosity associated with prograde black holes is maximum
followed by the luminosity corresponding to their non-spinning and the retrograde counterparts. Similarly,
for a given spin, accretion disks around dilaton black holes are more luminous compared to the general
relativistic scenario.
4 Numerical Analysis
In this section we compute the optical luminosity of a sample of Palomar Green (PG) quasars [58, 59]
assuming the thin accretion disk model discussed in the last section. The optical luminosity Lopt ≡ νLν is
evaluated at the wavelength 4861A˚ [59] and compared with the corresponding observed values [59] which
in turn allows us to discern the observationally favored magnitude of the dilaton parameter and the black
hole spins. These quasars have independent mass measurements based on the method of reverberation
mapping [60–63] while the accretion rates of the quasars are reported in [59]. Since quasars are mostly
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face-on systems, the inclination angle i is asumed to lie in the range: cos i ∈ (0.5, 1). Following [59,64] we
adopt a typical value of cos i ∼ 0.8 in our analysis. This is in agreement with the results of Piotrovich et
al. [65] who estimated the inclination angle of some of these quasars using the degree of polarisation of the
scattered radiation from the accretion disk.
The bolometric luminosities of these quasars have been estimated [59] based on the observed data in the
optical [66], UV [67], far-UV [68], and soft X-rays [69]. The error in bolometric luminosity receives dominant
contribution from the far-UV extrapolation since the uncertainty in the UV luminosity supercedes other
sources of error (e.g., optical or X-ray variability) [59]. Moreover, the UV part of the spectral energy
distribution (SED) is contaminated by components other than the accretion disk since physical mechanisms
e.g. advection, a Comptonizing coronae, etc. may redistribute the UV flux to the X-ray frequencies [59].
Therefore, although the maximum emission from the accretion disk for quasars generally peaks in the
optical/UV part of the spectrum, disentangling the role of the metric from UV observations become
difficult due to the aforesaid reasons. This motivates us to dwell in the optical domain and compare the
optical observations of quasars with the corresponding theoretical estimates.
The requirement for the quasars to possess a real, positive event horizon imposes the constraint 0 ≤
r2 ≤ 2 on the dilaton parameter. Also, for a given r2, the spin a of the black hole can assume values
between, −(1− r22 ) ≤ a ≤ (1− r22 ). In order to arrive at the most favored dilaton parameter we proceed
in the following way:
• We consider a quasar in the sample with known M and M˙ and compute the theoretical optical
luminosity at 4861A˚ for a given r2 and all the allowed values of a for that r2. The value of a that
best reproduces the observed luminosity, is considered to be the spin of that quasar for the chosen
r2.
• We repeat the above procedure for all the quasars in the sub-sample for the aforesaid r2. This assigns
a specific spin for each of the quasars, for the given r2.
• We now vary r2 in the theoretically allowed range, (0 ≤ r2 ≤ 2) and repeat the above two procedures.
This ensures that for every r2, the sample of quasars are associated with a spin that minimizes the
error between the theoretical and the observed optical luminosities.
In order to arrive at the magnitude of r2 favored by optical observations of quasars, we compute several
error estimators which we discuss next.
4.1 Error estimators
In this section we discuss various error estimators which enable us to find the dilaton parameter r2 mini-
mizing the error between the theoretical and the observed optical luminosities.
• Chi-square χ2 : We consider the sample of quasars with observed optical luminosities {Ok} and
errors {σk}. The theoretical estimates of the optical luminosity corresponds to
{Tk (r2,{a(i)})} for
a given r2 (where
{
a(i)
}
denotes the set of best choice of spin parameters associated with the quasars
for that r2, as discussed above). With this, the chi-square (χ
2) of the distribution can be defined as,
χ2(r2,
{
a(i)
}
) =
∑
k
{Ok − Tk(r2,{a(i)})}2
σ2k
. (30)
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Figure 2: The figure illustrates the variation of χ2 with the dilaton parameter r2 for a sample of eighty
quasars.
The errors associated with the optical luminosities are not explicitly reported [59]. However, we
have already mentioned that the error in optical luminosity can be ignored compared to the error
in bolometric luminosity which receives maximum contribution from the far-UV extrapolation since
the uncertainty in the UV luminosity dominates over other sources of error (e.g., optical or X-ray
variability) [59]. Therefore, we consider the errors in the bolometric luminosity reported in [59], as
the maximum possible error in the estimation of the optical luminosity.
It is important to recall that there are restrictions in the magnitude of r2 and a (as discussed in
the last section) and one cannot assume arbitrary values of these parameters. Consequently we
cannot use reduced chi-square χ2Red, where χ
2
Red = χ
2/ν, (ν being the degrees of freedom) as an
error estimator, since the definition of the degrees of freedom becomes ambiguous [70] in such cases.
We therefore analyze the error between the theoretical and the observed optical luminosities using
χ2 as the error estimator.
From the definition of χ2 in Eq. (30), it is clear that the magnitude of r2 which minimizes χ
2 is most
favored by the observations. In Fig. 2 we plot the variation of χ2 with the dilaton parameter r2.
The figure clearly reveals that r2 ∼ 0.1 minimizes the χ2 signalling that axion-dilaton black holes
with mild dilaton charges are more favored by quasar optical data. The spin of the quasars
{
a(i)
}
corresponding to r2 = 0.1 which can best explain the data are reported in Table 1. At this point it
may be worthwhile to mention that in a previous work [55] we compared the theoretical estimates
of optical luminosity for braneworld black holes (which can accommodate a negative tidal charge)
with the optical data of the same quasar sample. A similar analysis resulted in the conclusion that
black holes carrying negative tidal charge (realised in a higher dimensional scenario) are more favored
compared to general relativity.
In what follows we consider a few more error estimators in order to verify our conclusion.
• Nash-Sutcliffe Efficiency: This particular error estimator denoted by E [71–73] is associated with
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Figure 3: The above figure depicts variation of (a) the Nash-Sutcliffe Efficiency E and (b) the modified
form of the Nash-Sutcliffe Efficiency E1 with the dilaton parameter r2. Both the error estimators maximize
when 0 . r2 . 0.1.
the the sum of the squared differences between the observed and the theoretical values normalized
by the variance of the observed values. The functional form of the Nash-Sutcliffe Efficiency is given
by,
E(r2,
{
a(i)
}
) = 1−
∑
k
{Ok − Tk(r2,{a(i)})}2∑
k {Ok −Oav}2
(31)
where, Oav represents the mean value of the observed optical luminosities of the PG quasars.
In contrast to χ2, the dialton parameter which maximizes E is most favored by observations. In-
terestingly E can range from −∞ to 1. Negative E indicates that the average of the observed data
explains the observation better than the theoretical model. Similarly, E ∼ 1 represents the ideal
model which predicts the observations with great accuracy [74]. The variation of the Nash-Sutcliffe
efficiency with r2 is illustrated in Fig. 3a. We note that E maximizes when r2 ∼ 0.1 thereby support-
ing our earlier conclusion derived from chi-square. The maximum value of Nash-Sutcliffe efficiency
Emax ∼ 0.777, which is shows that this is a satisfactory model representing the data [74]
• Modified Nash-Sutcliffe Efficiency E1 : In order to overcome the oversensitivity of the Nash-
Sutcliffe efficiency to higher values of the optical luminosity, (which arises due to the presence of the
square of the error in the numerator) a modified version of the same is proposed [72]which is given
by,
E1(r2,
{
a(i)
}
) = 1−
∑
k |Ok − Tk(r2,
{
a(i)
}
)|∑
k |Ok −Oav|
(32)
This modified estimator exhibits an enhanced sensitivity towards the lower values of the observed
optical luminosities. Similar to Nash-Sutcliffe Efficiency, the most favorable r2 maximizes its modified
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version as well. It is observed from the Fig. 3b that this maximization occurs at r2 ∼ 0 which implies
that the general relativistic scenario is more favored compared to the EMDA gravity.
• Index of Agreement and its modified form : The Nash-Sutcliffe efficiency and its modified
form turns out to be insensitive towards the differences between the theoretical and the observed
luminosities from the corresponding observed mean [72]. This is overcome by introducing the index
of agreement d [73, 75,76] where,
d(r2,
{
a(i)
}
) = 1−
∑
k
{Ok − Tk(r2,{a(i)})}2∑
k
{|Ok −Oav|+ |Tk(r2,{a(i)})−Oav|}2 (33)
and Oav refers to the average value of the observed luminosities. The denominator, known as the
potential error, is related to the maximum value by which each pair of observed and predicted
luminosities differ from the average observed luminosity.
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Figure 4: The above figure depicts variation of (a) the index of agreement d and (b) the modified form
of the index of agreement d1 with the dilaton parameter r2. Both the error estimators maximize when
0 . r2 . 0.1. For discussion see text.
Similar to Nash-Sutcliffe Efficiency, the index of agreement is also oversensitive to higher values of
the optical luminosity due to the presence of the squared luminosities in the numerator. Therefore,
a modified version of the same denoted by d1 is proposed which assumes the form,
d1(r2,
{
a(i)
}
) = 1−
∑
k |Ok − Tk(r2,
{
a(i)
}
)|∑
k
{|Ok −Oav|+ |Tk(r2,{a(i)})−Oav|} (34)
It is clear from Eq. (33) and Eq. (34) that the dilaton parameter which maximizes the index of
agreement and its modified form best explains the data. Fig. 4a and Fig. 4b respectively illustrates
the variation of d and d1 with r2. We note that d maximizes when r2 ∼ 0.1 while d1 attains the
maximum at r2 ∼ 0.
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By studying the variation of the error estimators we note that the dilaton parameter which best explains
the observations correspond to 0 . r2 . 0.1, indicating that the Kerr scenario or mildly charged dilaton-
axion black holes are more favored. In another work [77] we investigated the effect of the Einstein-Maxwell
dilaton axion gravity on the power associated with ballistic jets and the radiative efficiencies derived from
the continuum spectrum. The theoretical jet power and the radiative efficiencies derived in the Kerr-
Sen background were compared with the available observations of microquasars. Such a study reveals
that general relativity is more favored compared to the Einstein-Maxwell dilaton-axion scenario, thereby
reinforcing our present findings from other independent observations using a different observational sample.
It is however important to note that there exists several alternative gravity theories whose black hole
solutions resemble the Kerr geometry in general relativity. Therefore, an observational verification of the
Kerr solution cannot distinguish these modified gravity models from general relativity [78]. On the other
hand, if deviations from general relativity are detected, then it will require revisiting our understanding
of gravity in the high curvature domain. Interestingly, a similar analysis with the present quasar sample,
when performed with braneworld blackholes (resembling the Kerr-Newman spacetime, although the tidal
charge parameter can also accommodate negative values) indicate that quasars with a negative tidal charge
(realised in a higher dimensional scenario) are more favored [55,79].
Since quasars are rotating in nature it is worthwhile to provide an estimate of the spins of the quasars
from the above analysis. This is addressed in the next section.
4.2 Estimating the spins of the quasars
We have already discussed in the last section that the dilaton parameter which best describes the optical
observations of quasars lies in the range 0 . r2 . 0.1. We now discuss the most favored values of the spins
of the quasars from the same observations. The procedure for extracting the observationally favored spin
parameters of the quasar sample, for a given r2, has already been discussed in Section 4. Since the most
favored dilaton parameter lies between 0− 0.1, we report the spins of the quasars for r2 ∼ 0.1 and r2 ∼ 0
in Table 1.
Before presenting the bounds on the spin we note that the theoretically estimated optical luminosity
Lopt depends both on the radius of the marginally stable circular orbit rms and the outer extension of the
accretion disk rout (Eq. (28)). However, emission from the inner radius has a much greater contribution
to the total disk luminosity compared to the outer parts of the disk, since the flux from the accretion disk
peaks close to the marginally stable circular orbit rms. Therefore, the choice of the outer disk radius rout
is not expected to significantly affect our results. In the present work we have taken rout ∼ 500 rg [80,81],
however, we have verified that even if the theoretical luminosity Lopt is estimated based on rout ∼ 1000 rg,
our conclusions regarding the most favorable r2 remain unchanged.
Interestingly, for some of the quasars in our sample, changing rout does affect the best choice of spins
corresponding to a given r2. This is because, apart from the metric parameters, the theoretical optical
luminosity is sensitive toM and M˙ which varies between quasars. For a given r2 and a, the ratio M˙/M2
determines how sharply peaked the temperature profile T (r) is near rms (see Eq. (25), Eq. (26) and
Eq. (28)). In the event, T (r) is sharply peaked near rms the outer disk has negligible contribution to the
disk luminosity and the choice of rout does not play a significant role in such cases. This turns out to be
a limitation in our method of estimating the spin since the physical extent of the accretion disk should
not modify the angular momentum of the quasars. Therefore we report the spin of only those quasars in
Table 1 which remain unaltered by variation of rout. The most favored values of spin corresponding to
r2 ∼ 0.1 and r2 ∼ 0 are presented in Table 1 since the the error minimizes for 0 . r2 . 0.1. These are
compared with the previously available spin estimates of the quasars, although it is important to note that
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Object log m log m˙ log Lobs log Lbol ar2=0.1 ar2=0
0003 + 199 6.88 −0.06 43.91 45.13± 0.35 0.95 0.99
0026 + 129 7.74 0.80 44.99 46.15± 0.29 0.95 0.99
0043 + 039 8.98 0.36 45.47 45.98± 0.02 −0.3 −0.3
0050 + 124 6.99 0.58 44.41 45.12± 0.04 0.95 0.99
0921 + 525 6.87 −0.55 43.56 44.47± 0.14 0.95 0.99
0923 + 129 6.82 −0.49 43.58 44.53± 0.15 0.95 0.99
0923 + 201 8.84 −0.47 44.81 45.68± 0.05 0.3 0.3
1001 + 054 7.47 0.59 44.69 45.36± 0.12 0.95 0.99
1011− 040 6.89 0.17 44.08 45.02± 0.23 0.95 0.99
1022 + 519 6.63 −0.36 43.56 45.10± 0.39 0.95 0.99
1048− 090 9.01 0.30 45.45 46.57± 0.32 −0.1 −0.1
1049− 006 8.98 0.34 45.46 46.29± 0.15 −0.2 −0.2
1100 + 772 9.13 0.29 45.51 46.61± 0.25 0.1 0.1
1103− 006 9.08 0.21 45.43 46.19± 0.10 0.1 0.1
1115 + 407 7.38 0.49 44.58 45.59± 0.21 0.95 0.99
1119 + 120 7.04 −0.06 44.01 45.18± 0.34 0.95 0.99
1126− 041 7.31 −0.02 44.19 45.16± 0.28 0.95 0.99
1211 + 143 7.64 0.68 44.85 46.41± 0.50 0.95 0.99
1226 + 023 9.01 1.18 46.03 47.09± 0.24 −0.95 −1.0
1244 + 026 6.15 0.15 43.70 44.74± 0.22 0.95 0.99
1259 + 593 8.81 0.99 45.79 47.04± 0.29 −0.95 −1.0
1302− 102 8.76 0.92 45.71 46.51± 0.12 −0.95 −1.0
1351 + 236 8.10 −1.14 43.93 44.57± 0.12 0.1 0.1
1351 + 640 8.49 −0.38 44.69 45.31± 0.05 0.0 0.0
1402 + 261 7.64 0.63 44.82 46.07± 0.27 0.95 0.99
1404 + 226 6.52 0.55 44.16 45.21± 0.26 0.95 0.99
1416− 129 8.74 −0.21 44.94 45.82± 0.23 0.0 0.0
1425 + 267 9.53 0.07 45.55 46.35± 0.20 0.5 0.5
1426 + 015 8.67 −0.49 44.71 45.84± 0.24 0.2 0.2
1440 + 356 7.09 0.43 44.37 45.62± 0.29 0.95 0.99
1512 + 370 9.20 0.20 45.48 47.11± 0.50 0.2 0.2
1519 + 226 7.52 0.18 44.45 45.98± 0.41 0.95 0.99
1535 + 547 6.78 −0.01 43.90 44.34± 0.02 0.95 0.99
1543 + 489 7.78 1.18 45.27 46.43± 0.25 0.95 0.99
1545 + 210 9.10 0.01 45.29 46.14± 0.13 0.2 0.2
1552 + 085 7.17 0.56 44.50 45.04± 0.01 0.95 0.99
1613 + 658 8.89 −0.59 44.75 45.89± 0.11 0.4 0.4
1704 + 608 9.29 0.38 45.65 46.67± 0.21 0.1 0.1
2112 + 059 8.85 1.16 45.92 46.47± 0.02 −0.95 −1.0
2130 + 099 7.49 0.05 44.35 45.52± 0.32 0.95 0.99
2251 + 113 8.86 0.66 45.60 46.13± 0.01 −0.95 −1.0
2308 + 098 9.43 0.22 45.62 46.61± 0.22 0.4 0.5
Table 1: Spin parameters of quasars corresponding to r2 = 0.1 and r2 = 0 (for comparison with GR)
14
those spins are determined based on general relativity and are highly model dependent [82–84].
We note from Table 1 that nearly half of the quasars are maximally spinning with a ∼ 0.95 for r2 ∼ 0.1
while a ∼ 0.99 when GR is assumed. By using the general relativistic disk reflection model [85], Crummy
et al. [86] studied the spectra of several quasars reported in Table 1 (PG 0003+199, PG 0050+124, PG
1115+407, PG 1211+143, PG 1244+026, PG 1402+261, PG 1404+226, PG 1440+356) and arrived at
a similar conclusion. In particular, the spin of PG 0003+199 (also known as Mrk335) is very well con-
strained, namely, a ∼ 0.89 ± 0.05 [87] from its X-ray reflection spectrum and a ∼ 0.83+0.09−0.13 [80] from the
relativistic broadening of the Fe-Kα line. These estimates are very much in agreement with our results
based on general relativity, although their method of constraining the spin is different from ours. A study
of the gravitationally red-shifted iron line of PG 1613+658 (Mrk 876) [88] reveals that the quasar harbors a
rotating central black hole which is in agreement with our findings. From the polarimetric observations of
AGNs, Afanasiev et al. [89] independently estimated the spins of some of the quasars reported in Table 1.
Such an analysis corroborates our spin estimates for PG 0003+199, PG 0026+129, PG 0050+124, PG
0923+129, PG 0923+201, PG 2130+099 and PG 2308+098 although the results for PG 0921+525, PG
1022+519, PG 1425+267, PG 1545+210, PG 1613+658, PG 1704+608 shows some variations. However,
the spin of PG 1704+608 (3C 351) estimated based on the correlation between the jet power with the
black hole mass and spin [90] is consistent with our estimates of a ∼ 0.1, assuming general relativity.
Piotrovich et al. [65] constrained the spins of some of the radio-loud quasars [91, 92] in our sample, e.g.
PG 1226+023 (3C 273), PG 1704+608 (3C 351) and PG 1100+772 to a < 1, a < 0.998 and a ∼ 0.88+0.02−0.03,
respectively. Our analysis reveals that PG 1704+608 and PG 1100+772 are slowly spinning prograde
systems while PG 1226+023 harbors a maximally spinning retrograde black hole. Recent studies [93–96]
show that retrograde black holes are associated with strong radio jets which is in accordance with the high
radio luminosity observed in these systems [92, 97]. On the contrary, rapidly rotating prograde systems
turn out to be radio-quiet, consistent with our findings [91,98–100].
5 Summary and concluding remarks
In this work we attempt to discern the signatures of Einstein-Maxwell dilaton-axion (EMDA) gravity from
the quasar continuum spectrum, which is believed to be an important astrophysical site to examine the
nature of gravitational interaction in the high curvature regime. EMDA gravity arises in the low energy
effective action of the heterotic string theory and bears the coupling of the scalar dilaton and the pseudo-
scalar axion to the metric and the Maxwell field. The dilaton and the axion fields are inherited in the
action from string compactifications and exhibit interesting implications in inflationary cosmology and the
late time acceleration of the universe. Therefore, it is worthwhile to search for the imprints of these fields
in the available astrophysical observations since this provides a testbed for string theory.
The presence of dilaton and axion in the theory results in substantial modifications of the gravitational
field equations compared to general relativity. The stationary and axi-symmetric black hole solution of
these equations leads to the Kerr-Sen metric which carries a dilaton charge with the axionic field imparting
angular momentum to the black hole. The presence of the Maxwell field makes the Kerr-Sen black hole
electrically charged and renders non-trivial field strengths to the axion and the dilaton. The electric charge
of the black hole, however, stems from the axion-photon coupling and not the in-falling charged particles.
In the absence of the Maxwell field the effect of dilaton and axion vanish and the Kerr-Sen metric reduces
to the Kerr metric in general relativity.
The observational signatures of the Kerr-Sen spacetime has been explored in the context of strong
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gravitational lensing and black hole shadows [39–42]. Therefore, in this work we investigate the impact
of the dilaton-axion black holes on the quasar continuum spectrum which is believed to store a wealth of
information regarding the background metric. Such an attempt has been recently made [101] although
there, the authors have not compared the theoretical spectra with the observations. In this work we
compute the theoretical estimate of optical luminosity for a sample of eighty Palomar Green quasars
using the thin accretion disk model proposed by Novikov & Thorne. These are then compared with the
corresponding optical observations of quasars to obtain an estimate of the observationally favored dilaton
parameter and the angular momentum of the quasars. Our study brings out that 0 . r2 . 0.1 is favored by
the quasar optical data which is based on the analysis of the error estimators like the χ2, the Nash-Sutcliffe
efficiency, the index of agreement and the modified versions of the last two.
The fact that r2 ∼ 0 is supported by observations implies that the Kerr scenario is more favored
compared to the Kerr-Sen background. This in turn indicates a negligible field strength for axion whose
suppression has been observed in several other physical scenarios, e.g. in the inflationary era induced by
higher curvature gravity [102, 103] and higher dimensions [104], in the warped braneworld scenario [105]
with bulk Kalb-Ramond fields [106,107] and the related stabilization of the modulus [108] and so on. We
further point out that our results are in agreement with a previous work [77] where such a conclusion
has been independently arrived by investigating the observed jet power and the radiative efficiencies of
the microquasars with the corresponding theoretical estimates in the Kerr-Sen background. Also it is
worthwhile to note that an observational verification of the Kerr solution (r2 ∼ 0) does not confirm
general relativity with certainty, since apart from general relativity, the Kerr metric represents the black
hole solution for several other alternate gravity models [78].
The present analysis also allows us to constrain the spins of the quasars which are mostly in agreement
with the previous estimates. However, there are limitations associated with spin measurements. This is
because the spectral energy distribution (SED) of the quasars consists of emission from multiple compo-
nents, e.g. the accretion disk, the corona, the jet and the dusty torus which are not always easy to observe
and model [82]. Discerning the effect of each of these components from the SED is often very challenging
which limits accurate determinination of their mass, spin, distance and inclination. As a result the spin
of the same quasar estimated by different methods often leads to inconsistent results [82–84,109,110].
We further note that the background metric affects the emission from only those components which
reside close to the horizon. We are therefore interested in modelling the continuum spectrum from the
accretion disk since its inner edge approaches the vicinity of the horizon. The continuum spectrum however,
is not only sensitive to the background spacetime but also on the properties of the accretion flow. In the
present work the spectrum is computed using the thin-disk approximation which does not take into account
the presence of outflows or the radial velocity of the accretion flow. A more comprehensive modelling of
the disk would therefore impose stronger constraints on the background metric. At present, these issues
are addressed by considering several phenomenological models which is beyond the scope of this work.
Apart from the continuum spectrum, there exists other astrophysical observations e.g., the quasi-
periodic oscillations observed in the power spectrum of black holes [111, 112], the broadened and skewed
iron K-α line in the reflection spectrum of black holes [113, 114], and the black hole shadow [115–117],
which can be used to further establish or falsify our present findings. We leave this study for a future work
which will be reported elsewhere.
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